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ABSTRACT 
The effects of operating a fluidized bed in a force field 
resulting from centrifugal motion are investigated. Such a 
"Centrifugal Fluidized Bed System" consists of a cylindrical 
porous distributor, with its axis of rotation parallel to the 
gravitational acceleration. The bulk solids in the bed are held 
in the annular region at the circumference of the device by radial 
acceleration, while fluidizing gas flows radially inward through 
the distributor. 
Unlike conventional fluidized beds operating vertically 
against gravity, the allowable range in flow rate of the fluid- 
izing gas, bounded by minimum fluidizing velocity and elutriation, 
may be extended considerably by varying the angular velocity of 
the bed. This makes it possible to achieve higher turndown ratios 
and gas flow rates per machine volume than are possible with sta- 
tionary beds, making the system quite attractive for a variety of 
commercial applications including coal combustion. 
Experiments were performed near atmospheric temperature 
and pressure using glass particles as bed material and air as 
the fluidizing gas. Theoretical models are presented and com- 
pared with experimental results for bed pressure drop, minimum 
fluidizing velocity, and particle elutriation velocity. The 
system parameters varied are fluidizing gas flow rate, distributor 
-1- 
design and angular velocity, bed mass, and bed particle size. 
Effects of distributor geometry on startup of the bed from a 
stationary, fully slumped condition are also discussed. 
It is concluded that efficient startup can be accomplished 
with the use of a tapered distributor shaped like a truncated cone. 
Also, a certain minimum grid flow resistance is required to allow 
complete fluidization without particle loss. The mechanism of 
particle loss approaches the terminal velocity condition as bed 
thickness approaches zero; however, loss occurs at velocities lower 
than terminal for relatively thick beds. Minimum fluidization is 
accurately predicted by theory, and the model presented for fluid- 
ized bed pressure drop assuming solid body rotation of the bed 
gives good agreement with experimental data. 
-2- 
I. INTRODUCTION 
*. 
The use of fluidized beds for commercial applications has 
been the subject of much study in recent years; and, particularly 
concerning coal combustion, the literature is quite extensive 
[1,2,3]. A fluidized bed is a two-phase system composed of bulk 
solids and a fluid in relative motion. When the velocity of the 
fluid through the bed of bulk solids is such that the pressure 
drop experienced by the fluid due to viscous and inertia effects 
is in equilibrium with the opposing pressure drop caused by the 
weight of the solids minus their buoyancy in the fluid, the bed 
is said to be fluidized. A bed in the fluidized state is charac- 
terized by properties which can be useful for a variety of pur- 
poses. While fluidized, the bed actually looks like a boiling 
liquid, and exhibits liquid-like behavior. Solids circulation 
rates are very high, causing high heat transfer coefficients and 
a nearly uniform bed temperature, as well as general homogeneity 
of the bed. 
In a conventional, stationary fluidized bed the weight of 
the solids is a function only of mass since the local accelera- 
tion of gravity is constant, and equilibrium between drag and 
body force exists over limits governed by the minimum fluidizing 
velocity (the minimum velocity at which the pressure drop due 
to viscous and inertia effects can support the weight of the bed), 
and by the terminal velocity of the bed material. When a variable 
-3- 
artificial gravity is imposed on a bed the range over which equil- 
ibrium between drag and body force can exist also varies, allow- 
ing a very high turndown ratio and high fluid flow rates without 
particle elutriation.    This is the premise for the "Centrifugal 
Fluidized Bed."    Illustrations of both the conventional, gravi- 
tational  fluidized bed and the centrifugal  type are shown in 
Figure 1. 
The concept of the centrifugal fluidized bed (GFB) is not 
new, pioneering efforts having been made in the Soviet Union by 
Gel perin and Ainstein [4] in 1960.    Their apparatus consisted of 
a porous cylindrical distributor whose axis of rotation was per- 
pendicular to gravitational acceleration.    A model was proposed 
for fluidized bed pressure drop which assumed a solid body type 
of tangential velocity profile and a uniform bed thickness.    Data 
points were gathered showing pressure drop and minimum fluidiza- 
tion, but no attempt at a comparison between model and data was 
made.    Investigations into the behavior of the centrifugal  fluid- 
ized bed have continued through the present, usually yielding 
empirical expressions for minimum fluidizing velocity [5,6] and 
qualitative observations [7,8] of fluidization.    Analytical mod- 
els for bed pressure drop, minimum fluidizing velocity and 
elutriation velocity in centrifugal beds have been developed by 
Levy, et al.  [9], based on the limiting assumption of uniform 
bed thickness.    Since very little experimental  data on the 
-4- 
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Figure 1 Sketches of conventional (top) and cen- 
trifugal fluidized beds 
■5- 
mechanical characteristics of the centrifugal bed are available 
1n the literature, it has been difficult up to now to determine 
the validity of existing models. 
The objectives of this study are to extend and revise, where 
necessary, previous models for bed pressure drop, minimum fluid- 
izing velocity, and elutriation velocity, taking into account the 
shape of the bed. A centrifugal fluidized bed apparatus was de- 
signed and fabricated and sufficient experimental data were ob- 
tained to permit a critical assessment of the theoretical models. 
Additional subjects investigated include bed expansion, bubbling, 
and startup of the bed from a completely slumped condition. 
-6- 
II. ANALYSES OF CENTRIFUGAL FLUIDIZED BEDS 
A. Overview 
Analyses for bed pressure drop and minimum fluidization for 
centrifugal beds of uniform thickness are available in the liter- , 
ature [9,11]. In this chapter a model is proposed for the shape 
of the bed, and existing analyses for the mechanics of fluidiza- 
tion are modified to account for the variation of bed thickness 
with height above the chamber floor. An analysis is also pre- 
sented for particle elutriation velocity. 
B. Radial Variation of Tangential Velocity 
Several references have postulated that three concentric 
regions with different kinds of tangential velocity profiles 
probably exist for the CFB [9,10] as shown in Figure 2: A vis- 
cous core (Region I) where the velocity stagnates at the center 
of rotation, a potential vortex for intermediate radii (Region 
II), and the bed (Region II) where the tangential velocity may 
be modeled somewhere between uniform tangential motion and solid 
body rotation. Data are presented later in support of the solid 
body model for the radial variation of tangential velocity within 
the bed region, which is the region of most concern to this in- 
vestigation. 
Since it has been observed in experiments [5] that axial and 
radial flows seem to stagnate for radii near the axis of rotation, 
-7- 
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Figure 2   Postulated tangential velocity 
prof i 1 e 
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a reasonable model for tangential velocity in the core (Region I) 
is 
Ye = £)2o,r . (1) 
In Region II a simple potential vortex is assumed, so that 
after conserving angular momentum for inviscid flow, boundary con- 
ditions yield 
Later in the study a comparison with data is made of two ana- 
lytical models for bed pressure drop, one being based on the solid 
body expression for tangential velocity in the bed (Region III), 
the other utilizing a uniform tangential velocity profile: 
VA = u>r   (solid body) (3) 
V0 
=
 wr^   (uniform tangential) . (4) 
o     0 
C.    Shape of the Bed 
Since the fluidized bed exhibits liquid-like behavior, a 
logical model  for its shape may be based upon the assumption that 
the bed is, indeed, a liquid (hence, our nickname, "The Water- 
model").    The surface of such a "liquid" must always be perpen- 
dicular to the resultant of the local acceleration vectors as in 
Figure 3. 
-9- 
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Figure 3 Coordinate system for analysis of bed shape 
where bed covers grid 
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dr- 
tan e = -&- = -^ (5) 
where 
w^r.      dx 
2gx 
( 1 
X = X,   + z 
The volume of bulk solids in the bed is 
m 
PsO-e) 
rX = x-j + H 
x = X-j 
»(rj - r?)dx (6) 
The outer radius r   is a linear function of grid taper angle and 
is given by the following equation: 
rQ = x tan a + r - - (x1 + H) tan a . (7) 
This system of three equations and three unknowns may be solved, 
yielding an expression for the constant x,, and r and r. as 
functions of x,: 
^'W^ tan2a " H2ro2 ta" " + Hro2 
™   - #) (8) irpe(l-e)   a) 
T) /2g(x, + 
*i V  5z- (9) 
r   = (x-j  + z)tan a + r « - (x-j + H)tan a (10) 
where z is the height above the chamber floor. 
-11- 
Integrating between the limits of x-j and (x, + H) requires 
that the bed completely cover the distributor. In cases where 
the combination of centrifugal force and geometry do not allow 
the bed to climb the full height of the distributor, but only to 
some unknown height, h', as in Figure 4, the equation is 
- U' 
rz = h {c   n
u(r2 - r?)dz =   —n—T= volume of the bed.    (11) Jz = 0       o       i PS(1-0. 
rQ = z tana + rQ] (12) 
_   /2g(z + i 
i "/ w2" 
iqr (13) 
From the boundary conditions, at z = h', r   = r.; thus: 
2g(z + x,) 
 ^—— = h'2tan2a + 2rQlh'  tan a + r^    . (14) 
A solution for the constant, x,, in terms of h'  is 
xl =ff(h,2tan2a + 2rQlh'tan a + r^ - ^-)    .        (15) 
The first integral equation yields a cubic polynomial in h' which 
may be easily solved using digital computer techniques (Appendix 
E): 
h'3 x._?.  . „   UI9*  , -? Ll     gh' j- tan2a + rQlh'2tan a + r^h' - ^- (h1  - 2gx^ = 
m 
*PsO-e) (16) 
-12- 
Figure 4 Coordinate system for analysis of bed shape 
where a portion of grid is exposed 
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A uniform tangential velocity profile has also been consid- 
ered a possibility within the bed. Another approach to determin- 
ing the bed shape follows using the assumption of a uniform 
tangential velocity. Along the free surface of the bed the dif- 
ference between kinetic and gravitational potential energies is 
constant: 
pf( 2 " gz^ = pf("~2 gz) = constant O7) 
Differentiating with respect to (r/H): 
V?d(£) 
Pf(-V- - gz) = 0 
Thus, along the surface of the bed (r = r.): 
2  ri V In -n- - gz = constant e   H 
Defining this constant as K: 
r. = H EXP (^2aL) (18) 
ro -  'ol + ^^T^1 z <19> 
The volume of the bed is 
f0 *<r 0 - r1)dz - jfcr (20) 
Solving for K: 
-14- 
MI       PTHW ' rolro2H " 1 (ro2 " rol)2 
K = l_in-5  (21) 
^(1-EPX^i) 
Using this value for the constant K, the relation between the 
radius to the bed surface and the height above the chamber is 
known. 
D. Bed Pressure Drop 
To find the pressure drop across a fluidized bed (here the 
assumption is made of constant bed thickness as in references 9 
and 10, or that the pressure drop is across a bed element of 
differential height) a force balance is made as in Figure 5. 
(force due to pressure drop) = weight - buoyancy 
?P+dP 
Prdedh - (P+dP)dh(r+dr)de +  2  dhdrde = weight - buoyancy 
For a uniform tangential velocity profile the weight minus buoy- 
ancy term is 
2 2 
[(l-e)ps - (l-e)Pf]drdh rde ^ . (22) 
Using a solid body rotation model for tangential velocity the 
weight minus buoyancy term is 
[(l-e)ps - (l-e)Pf]drdh rdew2r . (23) 
After neglecting second order differentials and integrating be- 
tween r0 and rj, the expressions for fluidized bed pressure drop 
-15- 
P+dP 
Ldh 
Figure 5 Differential control volume for bed 
pressure drop 
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are 
i 
for a uniform tangential velocity within the bed and 
APBF= (ps-Pf)(l-e)u)2r2 ln£ (24) 
APBF= (ps-pf)(i-^)-r (ro-ri} (25) 
for solid body rotation in the bed. 
E.    Minimum Fluidizing Velocity 
A commonly used correlation for pressure drop through a 
packed, stationary bed, is given by 
r> _ IOUI 
"" 7371 _ ,_     „ rs p' Ys p 
where 
APB 150(l-e)2y „        1.75(1-6)  n „2 /?fi* 
T" " ^(MJ2    Uo +    <frcd^      pfUo (26) 
L = depth of bed 
U   = superficial gas velocity 
<|>   = sphericity which is defined as 
(surface area of sphere) [b   h ,      -j (surface area of particle)  L J 
d   = diameter of sphere having volume of particle 
Transforming this expression to the cylindrical coordinate system 
of the centrifugal bed AP/L is replaced by dP/dr, and 
• 
IL =       H o       p^2irr r 
-17- 
where m^ is the mass flow rate per unit height. 
Integrating the resulting equation between the limits of r 
and r.. the packed bed pressure drop for the centrifugal bed is 
found to be 
150C\-e)2v1n{r0/r.) 
APBP =    ea(*sdp)^(21rpf) ''"H + 
1.750-e)      , 1 1 v   • 2 ,07x 
c^sdpii(4pfT (FT * ^ mH <27> 
If this expression for packed bed pressure drop is equated to the 
fluidized bed pressure drop, the superficial velocity of the gas 
may be determined by solving the quadratic.    The resulting value 
is the minimum fluidizing velocity, so named because it is the 
smallest superficial gas velocity whose drag can support the 
weight of the bed (i.e, fluidize the bed).    Solving the expres- 
sion equating packed and fluidized bed pressure drops the follow- 
ing functional relationship is determined for the Reynolds number 
at minimum fluidization and the Galileo number: 
300(1-6)1^/^) 3.5(r0/r.)-3.5 
Ga
 
=
 e^(l-(r./r0)*)    ReMF + e\(l-(r./ro)*) ReMF (28) 
where 
_ Pf (PS - PfU\*3D                        PfUMFdp 6a jj2      ,    ReMF ^ 
In instances where a particle size distribution is encount- 
ered, dp may be substituted with a mean particle size, dp, 
-18- 
calculated as follows [8]: 
x. = weight fraction of sample within a 
specified size range i 
d . = arithmetic average of particle minimum 
and maximum diameters in size range i 
all i °pi 
F. Bed Pressure Drop as a Function of Gas Flow Rate 
with Nonuniform Bed Thickness 
With the aid of the digital computer, a solution for bed 
pressure drop as a function of gas flow rate may be determined 
which takes into consideration the axial variation of bed thick- 
ness, itself a function of angular velocity, bed mass, and grid 
geometry. The fluidizing gas is subject to an overall pressure 
drop, AP , as it flows from the plenum to the freeboard. The 
quantity AP is the same at all axial locations and equals the 
sum of the grid and bed pressure drops 
APo=APB+APG    ' 
Noting Figure 6, for any of the height increments an r and an r. 
may be calculated using the "Watermodel" for bed shape previously 
described. The grid pressure drop (APQ) is approximately a para- 
bolic function of gas velocity, U , so that 
APr = K,U2 + K9U G 10 2 0 
-19- 
where K, and K~ can be determined experimentally for each of the 
grids used. Thus, APfi = APg(U0). If the bed is packed, the 
Ergun equation for packed bed pressure drop reveals that APBp = 
APBP^o'ro'ri^' ^ ^e bed is f Iodized, 9as velocity must be 
higher than the minimum fluidizing velocity previously derived, 
and APgp = ApRp(r0»r-j)- Mathematical expressions have been de- 
termined for all of these relationships, and a digital computer 
solution for bed pressure drop as a function of gas flow follows 
the logic path given below. 
I. The computer is made to read data cards for grid pressure 
drop, thus enabling the calculation of K-. and K« and the 
subsequent grid pressure drop for any gas velocity. 
II. The shape of the bed is computed using the "Watermodel" 
so that r and r- are known functions of z. 
III. AP is assigned a very  low, arbitrary value. For this 
overall pressure drop the computer solves for the ve- 
locity through the first bed "ring" of incremental 
height, AH, by using the relation AP = AP« + APpp. 
IV. The minimum fluidizing velocity is calculated for the 
incremental ring under consideration. If the velocity 
computed in III is greater than the minimum fluidizing 
velocity, then AP = APQ + AP„p and the velocity through 
the ring must be recalculated using the fluidized relation 
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for AP . In any case, the correct value for local super- 
ficial velocity is found, and the mass flow rate through 
the first ring of incremental height is determined: 
[m = Pf-U0-dA]1 = [pfU027rr0AH1]i 
V. Similar computations are made for the second ring of height 
AH2, and the third, and so on. The mass flow rates through 
each are summed until the flow through the entire periph- 
eral area of the bed is determined. The grid pressure 
drop which would result from this total mass flow rate 
through the grid without the presence of a bed is com- 
puted using grid pressure drop relationships previously 
determined experimentally. This mean, or "pseudo" value 
for grid pressure drop is assumed to be equal to the real 
grid pressure drop occurring when the bed covers the grid 
(causing an axial variation of radial mass flow rate per 
grid heighth). 
VI. The computer is made to loop back repeatedly to the arbi- 
trary overall pressure drop (III) increasing it incrementally 
with each loop. A new gas flow rate and bed pressure drop 
are determined each time, allowing a plot of gas mass flow 
rate versus bed pressure drop. The program is reproduced 
in Appendix D, and a subroutine for the case where the grid 
Is not entirely covered by the bed is shown in Appendix E. 
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G-    Elutriation Model 
A simple expression for elutriation velocity which does not 
consider bed bubble dynamics or local gas velocity "spikes" with- 
in the bed may be determined by equating the drag force on a 
single particle to its body force: 
Cd .        *d_3 -j TO,XP,.        
thus 
4Vs9     /(a>2r) 
'el     ,1  3pfCd / V.,   ■      Tr*#-   J***- * 1 (30) 
where d   in this case is the diameter of the smallest particle in 
the bed sample under consideration, and a solid body tangential 
velocity profile is assumed in order to obtain the most conserva- 
tive result.    A similar analysis has been published [10] assuming 
a uniform tangential velocity profile.    An empirical correlation 
for C^, determined by White [13], for particle Reynolds numbers 
such as are expected in a fluidized bed, is 
cd = ^ + rrRi^+-4 • (31) 
The implicit expression resulting for elutriation velocity must 
be solved using digital computer techniques (Appendix D). 
-23- 
III. APPARATUS AND INSTRUMENTATION 
The apparatus consists of four subsystems: the air supply 
system, the stationary frame and motor assembly, the rotating 
grid cage, and the grid assembly. 
The air supply system is based upon two positive displace- 
ment air compressors, each nominally rated at .235 STP m3/s @ 
6.9 x 105 Pa (500 SCFM @ 100 psig) and equipped with after-coolers. 
Air leaving the compressors flows through an oil separator to an 
air storage tank and finally to the Fluidized Bed Laboratory. 
Here the airflow is throttled by a globe valve and muffled while 
passing through a pipe section densely packed with commercial 
grade steel wool. An air straightener constructed of alumimun 
honeycomb removes angular velocity components in the flow at the 
entrance to a straight length of pipe, 2.5 m long (slightly longer 
than the estimated hydrodynamic entry length), after which the 
axial velocity profile is fully developed. A .003175 m diameter 
pitot-static probe is located near the end of the straight pipe 
section and is connected to a differential manometer. After this 
measuring section, a manifold with four equal size outlets (each 
.102 m diameter) diffuses the airflow. Flexible hoses connect the 
manifold and apparatus plenum, allowing fluidizing air flow into 
the apparatus through the plenum floor. 
The stationary frame (Figure 7) provides a firm, nearly 
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Figure 7    Exterior views of apparatus 
-25- 
strain free mount for a fractional horsepower variable speed 
drive motor and for the rotating member's shaft bearings. The 
frame also surrounds the plenum which is constructed of steel, 
lined with marine grade plywood to absorb energy from a possible 
failure of the rotating assembly which might occur if the design 
operating specifications were accidentally exceeded. Pressure 
taps are attached to the plenum at several locations and are con- 
nected by PVC tubing to a 1.5 m vertical manometer board. Spec- 
ial considerations were made in the design to. minimize vibration 
during rotation even with large, eccentric bed masses. 
The rotating grid cage is designed to allow quick inter- 
changes of grid assemblies of different configurations. As shown 
in Figure 8, a plexiglass lid is provided for viewing the bed 
during operation. A hollow shaft combined with a hole in the 
grid'cage base, facilitates removal of bed particles. The hole 
is taped flush with the base using high strength duct tape during 
operation of the centrifugal bed. 
The construction of the grid (Figure 9) is one of the most 
critical elements in the apparatus, for if it is made improperly, 
the apparatus may not achieve a stable fluidized state. A trunc- 
ated cone frame is fabricated from perforated steel sheetmetal 
with 50 percent open area. The seam is butt-welded, ground 
smooth, and covered on the inside periphery with very fine mesh 
stainless steel cloth. Great care is taken to insure that the 
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Figure 9    Grid assembly (cross-section through axis 
of symmetry) 
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wire cloth is in contact with the perforated steel frame through- 
out. The wire cloth screen is attached to the frame by means of 
full circumferential beads of silver solder at top and bottom, 
and contact of the screen and the frame is insured by stitching 
the screen to the frame at appropriate locations around the per- 
iphery. To increase the resistance of the grid to air flow, 
layers of canvas-like cloth are stitched around the outside of 
the frame after being stretched tight to insure close contact of 
the cloth with the frame everywhere. The cloth is secured at the 
top and the bottom using very  thin (.003 m) pieces of masking 
tape to prevent bypass of fluidizing air around the cloth a,t the 
grid boundaries, and the grid assembly is sealed into grid re- 
taining grooves of the rotating grid cage using silicone sealant. 
Specifications for the apparatus are given in Table 1. 
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Table 1 Apparatus Specifications 
Minimum particle size 75 x 10     m diameter 
Grid height .1572 m 
Grid taper angles 1.74°    3.47°    5.19° 
Grid radius at bottom 
.1476 m    .1429 m      .1381 m 
Grid radius at top 
.1524 m 
Maximum bed mass 4.5 kg 
Maximum angular velocity 44 rad/s 
Maximum plenum pressure 18000 Pa above atmospheric 
Minimum measurable plenum 5 Pa 
pressure 
Maximum airflow rate .44 SCMS 
Minimum measurable airflow rate 
.04 SCMS 
Mass of rotating assembly 35 kg 
Mass of apparatus 130 kg 
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Kinetic pressures used to determine velocities were measured 
with a United Sensor Corporation PAC-8-KL pi tot-static probe 
having an outside diameter of .003175 m. All plenum and pi tot 
static pressures were measured on a .102 m (4 inch) inclined dif- 
ferential manometer or on a 1.524 m (60 inch) vertical manometer. 
The angular velocity of the test section was measured using 
a General Radio Company "Strobotac" stroboscope type 1531-A, or 
using a James 6. Biddle No. 9915 Jagabi indicator (a handheld 
tachometer type device) when use of a stroboscope was inapprop- 
riate. 
Bed masses were measured using an Ohaus Scale Corporation 
5.0 kilogram rated scale. 
Particle sizes were determined using Standard U.S. Sieves, 
manufactured by Newark Wire and Cloth Company. 
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IV. EXPERIMENTAL PROCEDURE 
A. Measurement of Mean Particle Size 
Potters Industries Technical Quality Glass Spheres were sieved 
and weight percentage retained on each sieve was recorded. For 
example, one size sample of particles was sieved with the follow- 
ing results: 
U. S. Sieve No. Wt. % Retained 
40 .04 
45 51.95 
50 43.57 
60 3.85 
60+ .59 
To find the mean particle size, d : 
Diameter Range x 106 m d . Pi xi 
(x/dp). 
0  - 250 125 .0059 4.72 x 10-5 
250 - 300 275 .0385 1.40 x 10'4 
300 - 355 328 .4357 1.33 x 10"3 
355 - 425 390 .5195 1.33 x 10"3 
425+ 450 .0004 8.89 x 10"7 
d_ = 351 x 10'6 m 
B. Determination of Packed Void Fraction 
A beaker shaped container was weighed and then filled with 
pure water whose temperature was measured. The volume of the 
container was determined after reweighing the container filled 
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> 
with water and using a tabulated value for the density of water. 
The beaker was allowed to dry and then was filled with the bed 
material. After tapping the beaker against a solid surface and 
lightly pressing the surface of the particles at the mouth of the 
beaker to insure a fairly close pack, the beaker with particles 
was weighted. The particle density had been provided by the manu- 
facturer, and this provided sufficient data to calculate the vol- 
ume of the solids in the beaker.. The void fraction is defined as 
^ volume of void 
total volume e =   -^.,-  ;.,,.,,      . (32) 
Thus, the void fraction was 
_ volume of beaker - volume of solids 
e
 ~ volume of beaker 
C.    Air Flow Rate Calibration 
At a constant air flow rate the velocity profile in the .102 
m (4 inch) air supply line was determined by traversing the pipe's 
diameter with a pi tot-static probe and recording kinetic pressures 
at .00635 m (1/4 inch) intervals.    The volumetric flow rate was 
found by integrating the velocity profile over the pipe cross 
section (Figure 10).    Because an adequate hydrodynamic entry length 
was providedy the profiles were symmetric. 
This procedure was repeated for several different air flow 
rates and a plot was made of the squareroot of centerline kinetic 
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Figure 10   Sketch of pipe cross-section for pi tot 
probe calibration analysis 
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pressure versus volumetric flow rate*   The following linear re- 
lationship was obtained: 
i3. m* volumetric flow rate (^-) =  .022684 (v^P~j) 
where AP -j  is the kinetic pressure at the centerline of the flow 
measured in meters of water.    Throughout the calibration experi- 
ments the air supply pipe was exhausted to atmospheric pressure 
so the air density was very near ambient. 
D.    Measurement of Plenum Pressure as a Function 
of Volumetric Air Flow Rate 
The following procedures were followed in assembling the 
apparatus and in obtaining data on pressure drop-air flow charac- 
teristics. 
1. The plenum and rotating chamber were vacuum cleaned of all 
particles and dust. 
2. The fit of the grid assembly in the grid cage was inspected 
and adjustments were made when necessary. 
3. All clamps were re-tightened and grid retaining ring nuts 
re-torqued. 
4. The air supply valve was opened slowly, checks for air leaks 
were made. 
5. The stroboscope was adjusted to the desired frequency, and 
the rotating shaft was then adjusted in angular velocity to 
match the strobe timing. 
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6. The air supply valve was adjusted to the desired air flow 
rate. 
7. The angular velocity was readjusted to match the strobe 
frequency. 
8. The plenum pressure and air flow rate were recorded. 
E. Determination of Grid Pressure Drop 
The overall pressure drop, referred to as the plenum pressure 
in the last paragraph, is the sum of the grid pressure drop, the 
bed pressure drop, ancLthe pressure drop due to the angular and 
axial acceleration of the air flow through the apparatus. 
APO = APG + APB + APaccel (33) 
To find AP  ■■, the grid assembly was removed from the apparatus, 
and the plexiglass chamber lid with the exhaust port was rein- 
stalled. With the absence of both grid and bed, AP = APaccel• 
Thus, APacce-i = APaccel^ was measured experimentally. The grid 
was then reinstalled, and overall pressure drop versus flow rate 
was again determined. The grid pressure drop was calculated 
simply by subtraction 
AP6(m) = APQ(m) - APaccel(m) 
F. Determination of Bed Pressure Drop 
After the usual precautions were taken concerning cleanliness 
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and air leaks, a bed pressure drop versus volumetric flow experi- 
ment proceeded as follows: 
1. The air supply valve was closed tightly. 
2. The bed material was weighed carefully and poured into the 
test chamber through the exhaust port. Care was taken to 
insure radial symmetry of the slumped bed. 
3. The stroboscope was adjusted to the chosen angular velocity, 
and the apparatus was rotated accordingly. 
4. If bed startup (performance beginning with a completely 
slumped bed) was to be observed, the air supply valve was 
opened in incremental amounts, with overall pressure drop 
and air flow rate being recorded for each increment of air 
supply valve setting. The angular velocity was readjusted 
as required to compensate for variations in frietional 
forces at the seals caused by variations in plenum pressures. 
The experiment was terminated when the full air flow poten- 
tial of the air supply system was reached, or when particles 
became entrained in the exhaust flow. Where startup behavior 
was not of interest, the air supply valve was opened to the 
full flow limit, or until particle entrainment occurred. 
This caused an immediate fluidized condition in the bed, and 
instantaneous distribution of the bed material over the grid 
surface. The angular velocity was readjusted to match the 
strobe, and overall pressure drop and air flow rate were 
recorded as the air supply valve was closed in small incre- 
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ments.    The zero flow condition terminated the experiment. 
5.    Data reduction consisted of subtraction of grid and flow 
acceleration pressure drops from the overall  (plenum) pres- 
sure drop 
ApB = APo-<4PG + 4Paccel> 
In cases where the overall pressure drop was higher than 4000 Pa 
(16 inches water gauge), air density changes were taken into con- 
sideration when calculating volumetric flow rates.    At lower over- 
all pressure drops, air density was assumed atmospheric, causing 
a maximum error in calculation of volumetric flow rate of 2 per- 
cent. 
G.    Elutriation Studies 
An accurately weighed sample of bed material was poured into 
the chamber, and angular acceleration to a predetermined value was 
achieved.    The air supply valve was slowly opened until a maximum 
air flow without particle entrainment was attained.    Apparatus 
angular velocity was then decreased slowly until  the first par- 
ticles were observed being entrained in the exhaust flow.    Angular 
velocity and air flow rate corresponding to this condition were 
recorded. 
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V.    EXPERIMENTS ON BED STARTUP 
The capability of startup from an entirely slumped, zero 
angular velocity condition is important in situations where 
"batch" operation of the CFB is intended.    For purposes of this 
study, startup is defined as the process by means of which the 
bed progresses from a slumped to a generally fluidized state. 
Rotation and gas flow rate are increased simultaneously so that 
the particle elutriation velocity is never exceeded until the 
desired angular velocity is reached and the gas flow rate re- 
sults in fluidization of at least a significant portion of the 
bed.    The simple behavior just described is sometimes difficult 
to achieve, even in the laboratory.    The experiments indicate 
that startup is a strong function of grid characteristics and 
may be impossible without a well designed grid. 
During startup, the gas must pass through resistances to 
flow caused by the grid and bed.    Creating electrical analogs 
for CFB behavior (Figure 11), RQ is the resistance of the grid 
to flow, and Rg the resistance of the bed.    When the bed is in 
the slumped condition as occurs during startup, a portion of 
the grid is not covered by the bed.    If RQ«RD (Figure 11a) a 
high velocity gas flow analogous to i- bypasses the bed, con- 
stituting a short   circuit.    Thus, velocities at the boundary 
of the bed and uncovered grid are very high compared with ve- 
locities through the bed.    For such a low grid pressure drop, 
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the bed may simultaneously exhibit different regions demonstrat- 
ing elutriation, fluidization, and packed characteristics, de- 
pending on local bed thickness (Figure 11a), and ig (z = z^) « 
iG (z = z2). 
When Rg»RB> as is the case in Figure lib, the flow through 
the grid periphery is not a strong function of z since the bed 
thickness has a relatively small effect on axial variations of 
radial flow.    Thus, the flow rate is nearly uniform, ig (z = z-,) = 
io (z = Z2), and complete, nearly even fluidization is possible 
even though the bed may be extremely non-uniform in thickness and 
not fully distributed over the grid.    Therefore, startup is al- 
ways possible if a high enough grid resistance to flow is used. 
The more non-uniform bed requires the larger grid resistance in 
order to achieve complete fluidization before elutriation. 
It is of great practical importance that the bed be as uni- 
form as possible, at least covering the entire grid, so that the 
grid resistances can be low and still allow startup. Otherwise, 
pumping power is wasted, resulting in poor plant efficiency. 
A series of experiments was conducted to determine a grid 
geometry which would allow the bed to distribute itself more 
evenly over the grid.    Initially, studies were made of the motion 
of bulk solids in centrifugal fields (Appendix A), and the charac- 
teristic angle of slide, es, [14] of the unfluidized solids was 
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determined to be approximately 22°. Thus, it was deduced that 
a truncated conical grid with a taper angle of 22° would solve 
the problem of startup, allowing the particles to distribute 
themselves over the grid periphery. The idea worked nicely with 
the absence of fluidizing air, or as long as the bed was operated 
in the packed regime. For large angular velocities, a nearly 
vertical artificial horizon resulted from the centrifugal motion, 
so that the included angle between the tapered grid wall and the 
artificial horizon was equal to the angle of slide, causing the 
bulk solids to flow toward the top of the test section (Figure 
12a) since 
tan e = -&- (equation 5) 
and for large angular velocity, e-*-0, so that 
o = 22° > es + $   . 
However, once the bed reached minimum fluidizing conditions, it 
began to act like a liquid, shifting to the top of the grid 
(Figure 12b), and the problem of bed non-uniformity resulted 
once again.    It was deduced that, due to the liquid-like charac- 
ter of the fluidized particles, a grid taper angle only infinites- 
imally larger than the included angle e between vertical and the 
artificial horizon would allow the distribution over the grid 
of the fluidized particles; that is, for startup: 
a > e = arctan (-•§-) . (34) 
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t 
Figures 13a and 13b show that the case of a perfectly cylindri- 
cal grid (a = 0) precludes startup since there can be no net 
axial upward force on a bed particle. Figure 13c illustrates the 
effect of a tapered grid showing a net upward force on the par- 
ticle. For startup to occur using this slight grid taper angle, 
only particles near the boundary of the uncovered grid need to be 
fluidized to ftow toward the top of the grid. As these initial 
particles flow over the grid, the bypassing flow rate through un- 
covered portions of the grid is reduced, allowing higher bed 
velocities and more bed particles to become fluidized. The pro- 
cess continues until the grid is entirely covered by bed particles. 
Of course, sufficient grid pressure drop must be incorporated in 
the tapered grid design to insure that elutriation conditions are 
not reached during the flow of the bed particles toward the top 
of the test section. 
Characteristic bed pressure drop data for startup and turn- 
down are shown in Figure 14, as well as Appendix C. This experi- 
ment with a = 1.74° was begun from a completely slumped condition, 
with no angular velocity nor air flow. The angular velocity was 
increased to 31.4 rad/s, and the air flow rate was gradually in- 
creased. At startup point A, the bed began to flow toward the 
top of the grid, and it was well distributed and fluidized at 
point B. As the flow rate was reduced, the bed remained in the 
position attained during fluidization, held in place by centrif- 
ugal force, exhibiting a pressure drop flow rate behavior typical 
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of packed beds. Similarly, more experiments were made to deter- 
mine bed pressure drop during startup (APRS), and during turndown 
(APRT). The ratio APRy/APRS is indicative of the severity of the 
startup phenomena; that is, a high ratio indicates a very poorly 
distributed, slumped bed which becomes nicely distributed after 
fluidization. When APRT/APDC is approximately unity, the bed dis- 
tribution over the grid during turndown is indicated to be iden- 
tical to the distribution during startup, which should be the 
case for flow rates allowing total fluidization (~~>1). Figure 
mMF 
15 shows that values for APRj/APRr do, in fact, approach unity 
after minimum fluidization, and that startup effects on bed pres- 
sure drop are not observable after the air flow rate is increased 
approximately 10 percent above minimum fluidization. 
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VI. MINIMUM FLUIDIZATION, BED PRESSURE DROP, AND PARTICLE LOSS 
A. Theoretical Results 
Before making specific comparisons of data and theory, gen- 
eral results are presented for fluidized bed shape, pressure drop, 
and minimum fluidizing velocity showing the theoretical effects 
of different parameters on system performance. The trends shown 
here are useful in interpreting the experimental data, especially 
those in substantial disagreement with the theory. 
Bed Shape: Bed thickness as a function of distance above the 
chamber floor is shown in Figure 16 for a single grid taper angle 
and bed mass, and for different angular velocities. Both mathe- 
matical models for tangential velocity profile are shown (Equa- 
tions 24 and 25) with the uniform tangential velocity model pre- 
dicting a more uniform bed thickness in all cases. Results shown 
later reveal that the possibility of a uniform tangential veloc- 
ity inside the bed is unlikely, and, therefore, most computations 
to follow assume the solid body rotation tangential velocity pro- 
file unless otherwise noted. For a single angular velocity and 
bed mass, bed thickness is shown in Figure 17 as a function of 
grid taper angle. Such a plot may be used to determine which grid 
taper angle should yield the most uniform bed thickness for a 
given angular velocity. Effects of bed charge mass on bed shape 
for various taper angles are shown in Figure 18. As expected, 
the ratio of the bed thickness at the top of the chamber to the 
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thickness at the bottom approaches unity as bed mass increases. 
Comparing Figures 18 and 19, the predicted effect of angular ve- 
locity on bed thickness is illustrated for several bed masses and 
grid taper angles. Further trends are shown in Figures 20 and 21. 
By plotting computed bed thickness at the top of the grid versus 
angular velocity for several different grid taper angles (Figure 
22), it is possible to predict the angular velocity at which the 
bed thickness is infinitesimally thin at the top of the grid. 
Using this value as a reference, a plot is constructed of grid 
taper angle versus angular velocity at which the bed is extremely 
thin at the top of the grid (Figure 23). This gives some in- 
sight to the lower operating limit of the system. For any single 
bed charge mass and taper angle, there is only one angular ve- 
locity which gives an equal bed thickness at top and bottom 
(see Figure 24). If a condition where bed thickness is greatest 
at the chamber top were described as Mode 1, and the inverse 
condition where thickness is greatest at the bottom were described 
as Mode 2, effects on the modes are shown by dimensionless plots 
(Figures 25 and 26) for different bed masses and grid taper angles. 
Bed Pressure Drop: Predicted bed pressure drop as a function 
of air flow rate is affected by a variety of parameters, several 
of which are discussed in the following paragraphs. 
Several values for grid pressure drop (grid flow resistance) 
were used in the experiments. Theoretical calculations were 
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performed to study the effect of grid resistance on the process 
of fluidization.    For the types of grids used, a parabolic re- 
lationship approximates the grid pressure drop as a function of 
air flow rate 
APG = K^tf)    + K2(&) 
where K, and IC are constants which may be determined experiment- 
ally. Using various values for these constants, results are 
plotted in Figure 27 which show that the effect of grid pressure 
drop is observable only during transition from a packed to an 
entirely fluidized state. The smaller the grid pressure drop, 
the longer the resulting transition. In fact, with a very low 
grid pressure drop, transition from minimum fluidization to com- 
plete fluidization may require such a large increase in air flow 
rate that elutriation is reached before total fluidization occurs. 
Figures 28 and 29 show the axial variation of radial velocity 
through the bed at minimum fluidization for different grid pres- 
sure drops. These results indicate that a low grid resistance 
causes extremely large axial variations in velocity. As the 
grid flow resistance approaches zero, the velocity nonuniformity 
is large enough to permit elutriation to occur immediately after 
the first peripheral ring of bed material is fluidized. Using 
this type of analysis for given system parameters such as u, a, 
bed mass, d , and ty range, the minimum grid resistance which will 
allow complete fluidization without elutriation may be calculated. 
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This is a means of optimizing grid resistance for maximum plant 
efficiency. 
In the packed regime bed pressure drop is an extremely strong 
function of void fraction, as illustrated in Figure 30. However, 
the void fraction has no effect on bed pressure drop of a fluid- 
ized bed. Sphericity also has an effect only in the packed regime 
(Figure 31), although a much smaller one than with void fraction. 
It is interesting to note that an increase in sphericity from 
<j> = 0.4 to <J> = 0.8 has essentially the same effect on packed bed 
pressure drop as in increase in void fraction from 0.2 to 0.3. 
Particle size only affects the pressure drop characteristics 
of the packed regime and the point of minimum fluidization, as 
shown in Figure 32. Using particles smaller than 200 x 10  m 
results in minimum fluidization at very low air flow rates. 
The effects of a variation of air temperature showing the 
combined influence of density and viscosity changes on bed pres- 
sure drop are negligible, compared with other system parameters. 
In all cases except for yery  low temperatures (Figure 33), an 
increase in air temperature causes an increase in packed bed 
pressure drop and a decrease in minimum fluidizing velocity. 
Fluidized bed pressure drop is not affected noticeably since 
Pf«Ps. 
Reynolds number based on minimum fluidizing velocity has 
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been shown in Equation 28 to be a function only of Galileo number, 
r/r., and void fraction (all dimensionless variables). The re- 
lationships predicted to exist among these expressions are shown 
in Figures 34 and 35. An increase in bed thickness causes a de- 
crease in minimum fluidizing velocity, although the function is a 
very weak one. However, as shown previously in the discussion of 
the effect of void fraction on packed bed pressure drop, a de- 
crease in void fraction causes a higher packed bed pressure drop 
per volumetric air flow and smaller values for minimum fluidiza- 
tion velocity. 
An increase in grid taper angle always lowers the velocity 
at which the first portion of the bed comes fluidized (Figure 36), 
but the effects on the packed and fluidized bed pressure drops 
are functions of the compatibility of the grid taper angle to 
other system parameters such as angular velocity and bed mass. 
B. Experimental Plan 
An experimental plan was devised to test the mathematical 
models for bed pressure drop, minimum fluidization, and elutria- 
tion velocity by varying the following system parameters: 
Angular velocity 
Bed charge mass 
Particle size 
Grid pressure drop 
Grid taper angle 
Exhaust port diameter 
Previous experience with a much less sophisticated apparatus 
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(Appendix C), and predictions based on the mathematical model 
gave insight into the proper values for these parameters, and 
the following experimental plan was adopted: 
Set 1 (16 Experiments) 
- Use Grid 1 flow resistance 
- Determine Grid 1 pressure drop for each angular speed 
- Use four angular velocities: 
= 20.9 rad/s (200 rpm) 
=26.2 rad/s (250 rpm) 
=31.4 rad/s (300 rpm) 
=36.7 rad/s (350 rpm) 
- Use three bed charge masses: 
= 1.5 kg 
= 3.0 kg 
= 4.5 kg 
- Grid taper angle = constant = 3.47° fi 
- Mean particle size (d ) = constant = 351 x 10"   m 
Set 2 (12 Experiments) 
- Use Grid 1 flow resistance 
- Use four angular velocities (same as Set 1) 
- Use three bed charge masses (same as Set 1) 
- Grid taper angle = constant (same as Set 1) 
- Mean particle size (d ) = constant = 121 x 10~6 m 
Set 3 (12 Experiments) 
- Use Grid 1 flow resistance 
- Use four angular velocities (same as Set 1) 
- Use three bed charge masses (same as Set 1) 
- Grid taper angle = constant (same as Set 1) 
- Mean particle size (dp) = constant = 475 x 10-6 m 
-75- 
Set 4 (16 Experiments) 
Use grid with low flow resistance (Grid 0) 
Determine Grid 0 pressure drop for each angular speed 
Use four angular velocities (same as Set 1) 
Use three bed charge masses (same as Set 1) 
Grid taper angle = constant (same as Set 1) 
Mean particle size (dp) = constant = 475 x 10~6 m 
Set 5 (16 Experiments) 
Use grid with high flow resistance (Grid 2) 
Determine Grid 2 pressure drop for each angular speed 
Use four angular velocities (same as Set 1) 
Use three bed charge masses (same as Set 1) 
Grid taper angle = constant (same as Set 1) 
Mean particle size (dp) = constant = 121 x 10"6 m 
Set 6 (12 Experiments) 
Use Grid 2 flow resistance 
Use four angular velocities (same as Set 1) 
Use three bed charge masses (same as Set 1) 
Grid taper angle = constant (same as Set 1) 
Mean particle size (dD) = constant = 475 x 10"6 m 
Set 7 (16 Experiments) 
Use grid with high flow resistance (Grid 3) 
Determine Grid 3 pressure drop for each angular speed 
Use four angular velocities (same as Set 1) 
Use three bed charge masses (same as Set 1) 
Grid taper angle = constant = 5.19° 
Mean particle size (d ) = constant = 475 x 10"6 m 
Set 8 (16 Experiments) 
Use Grid 3 flow resistance 
Redetermine Grid 3 pressure drop characteristics 
Use four angular velocities (same as Set 1) 
Use three bed charge masses (same as Set 1) 
Grid taper angle = constant =1.74° 
Mean particle size (d ) = constant = 475 x 1CT6 m 
-76- 
Set 9 (44 Experiments) 
- Use three grid flow resistances (Grids 0, 1, and 2) 
- Use four bed charge masses: 
bed mass = .5 kg 
= 1.5 kg 
= 3.0 kg 
= 4.5 kg 
- Use three mean particle sizes: 
dn = 121 x 10"6 m p
 = 351 x 10-6 m 
= 475 x TO"6 m 
- Grid taper angle = constant = 3.47° 
> 
For each experiment in the first through the eighth sets, data 
were recorded for bed pressure drop as a function of volumetric 
air flow rate. The ninth set of experiments was used to study 
particle entrainment phenomena, and data for volumentric flow 
rate versus angular velocity at which the first observable en- 
trainment occurred were recorded. 
C. Comparisons with Theory 
Particle size distributions for the three types of particles 
used are shown in Figure 37. The mean particle diameters and 
packed void fractions were found to be: 
d 
P £P 
121 x 10'6 m 
351 x lO"6 m 
475 x lO"6 m 
.42 
.38 
.40 
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The void fractions shown here were measured after tightly packing 
the particles into a container. Particles with sphericities ap- 
proaching unity have void fractions which vary according to the 
tightness of packing [11] as shown in Figure 38. For instance, 
particles with <frs*l exhibiting "dense packed" void fractions of 
0.32 may have "normal packed" voids of 0.37, and the "loose 
packed" void fractions may range as high as Cj.46. That is, the 
loose packed void fractions may be 20 percent higher than the 
static, tamped values such as were recorded experimentally above. 
The experimental data and theory are presented in Appendix 
H for bed pressure drop as a function of air flow rate. The fol- 
lowing tables (6-9) summarize each data set, listing the system 
parameters being investigated and the parameters used in the 
corresponding mathematical model. The extreme left column of 
Tables 6-9 identifies the applicable figure in Appendix H. UT 
designates the use of a uniform tangential velocity profile, 
and SB the use of a solid body rotation model. Additional dis- 
cussion of the results is contained in the next chapter. 
The experimental data for particle loss are presented in 
Appendix I. These data points are plotted as air flow rate versus 
highest angular velocity at which substantial particle loss 
occurred. The straight lines constructed between the origin and 
data are used only as a means of reference when comparing data 
points. The slope of the lines is indicative of particle loss; 
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that is, the greater the slope, the higher the angular velocity 
required to retain the particles. The linearity of the construc- 
tion is justifiable assuming w2r»g. In such a case, angular ve- 
locity varies linearly with elutriation velocity (based on the 
elutriation model, specifically Equation 30). A summary of the 
experimental parameters varied for the elutriation studies is 
presented in Table 10, and a discussion of the data and theory 
is presented in Chapter VII, Section D. 
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VII.  DISCUSSION OF RESULTS 
A.    Bed Pressure Drop 
Data were compared to both models for tangential velocity 
profile (uniform tangential and solid body rotation) for several 
angular velocities and bed charge masses, and it was found that 
the uniform tangential model consistently over-predicts fluidized 
bed pressure drop.    However, results using the two models approach 
each other in value for the case of an infinitesimally thin bed, 
as shown by taking the limit 
APnp (uniform tangential velocity) 
„. 1J   APDC (solid body type tangential velocity) ri ro     °v 
(l-e)(pq-P>)o)2r2ln(r/r.) 
=   lim   s_r o o_j_ 
VrQ    <l-e)(ps-Pf)V<rM> 
d/dr.(ln r -In r.) rg 
=    lim     ,     ' =    lim   -5-= 1    . (35) 
For example, for a large charge mass the over-prediction using the 
uniform tangential model is 20 percent (Figure 39), while for a 
small bed charge mass the over-prediction is only approximately 
7 percent (Figure 40).    In any case, the data show that the solid 
body model  for tangential velocity profile always predicts bed 
pressure drop more accurately; therefore, in the discussions 
which follow, the solid body tangential velocity profile is used 
unless indicated otherwise. 
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As shown in Figure 30, the void fraction has a very strong 
effect on the computed pressure drop across the bed in the packed 
regime. It has also been suggested that the void fraction may 
vary, within limits, from experimentally determined values ac- 
cording to the means by which particles are packed. In fact, the 
mathematical model can often be made to fit the data best by 
choosing a "best fit" value for void fraction. It is reasonable 
to expect that the void fraction would tend toward loose packed 
values in rotating systems subject to vibration and air flow, and 
such has generally been found to be the case, as is shown for a 
typical example of data in Figure 41. The value of e = 0.38 was 
determined experimentally, corresponding to a densely packed con- 
dition. The "best fit" value of e = 0.42 is indicative of a more 
loosely packed condition, though the limit for loose packing is 
shown in Figure 38 [11] to be e = 0.46 for spherical particles. 
Exceptions have been found where the general rule of an effective 
loose packed void in the CFB is not followed as shown in Figure 
42. Three models incorporating different values of e are shown, 
with the void varying from the experimental value of 0.38 to a 
loose packed estimate of 0.45. Comparisons indicate that this 
bed is densely packed. The void fraction used for computation 
has no effect on the predicted fluidized regime pressure drop, 
although it does influence the transition region and the calcu- 
lated point of minimum fluidization. Figure 43 shows computed 
radial velocities through the bed at different heights above the 
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chamber floor for three different regimes of flow identified as 
points A, B, and C in Figure 43.    The effect of void fraction on 
these calculations is observed only where U  < lL.p (the packed 
and transition regimes). 
Fluidized bed pressure drop varies as the square of the angu- 
lar velocity, while packed bed pressure drop is only a weak func- 
tion of w since viscous effects dominate.    A comparison of data 
and model  illustrating angular velocity effects is shown in Fig- 
ure 44.    Generally, the effect of increasing the bed mass is to 
cause a proportional increase in bed pressure drop, as shown in 
Figure 45. 
The theoretical model does not predict system behavior ac- 
curately for small particle sizes (d   < 200 x 10     m), extremely 
low grid pressure drops (APGMF<0.1), nor for thick beds 
(r-/r  s0.8).~  As will be discussed in following paragraphs, the 
disagreement between theory and data for the small particle case 
is believed due to the extremely low APQMF^BMF use(* exPen~ 
mentally during small particle testing.    Thus, the basic disagree- 
ment is only for the cases of very low grid pressure drop, and 
thick beds.    The thick bed effect may be caused by several mech- 
anisms not considered in the theory presented.    Neither radial 
variations of radial velocity, nor axial components of velocity 
within the bed are modeled.    Also, data show (Figure 57 et al.) 
that the bed pressure drop in the fluidized regime for a thick 
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bed seems to be a function of air flow rate. Whether this be- 
havior is due to the fact that the tangential velocity profile 
is functionally related to bed thickness and air flow rate is 
pure conjecture; however, the mechanism of bubbling could possi- 
bly be the cause for such a relationship. 
Experimental values for apparatus pressure drops due to the 
angular and axial acceleration of the air flow are shown in Fig- 
ure 46 for two cases of D =0.102 m and D =0.152 m. Grid,pres- 
sure drop data which does not include these kinetic terms are 
shown in Figure 47. A comparison of each grid's resistance to 
air flow is shown in Table 11, using a reference air flow rate 
of 0;4 m^/s and a constant angular velocity of 36.7 rad/s (350 
rpm). The theoretical model predicts a very long transition be- 
tween minimum and complete fluidization when very  low grid pres- 
sure drops are used. Elutriation is predicted to occur in these 
cases before complete fluidization since, in the fluidized regions, 
the grid resistance is not high enough to restrain the flow to 
less than elutriation velocities. As shown in Figure 48, a very 
low grid pressure drop (Grid 0) results in the computation of a 
very  long transition; in fact, the completely fluidized state is 
predicted to be outside the capabilities of the air supply system. 
The data follow the computed trend, but not with accuracy. It is 
possible that the quantitative differences between model and ex- 
periment are caused by a very high mathematical sensitivity to 
the value of grid pressure drop as that value approaches zero. 
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Table 11 Comparison of Grid Resistances 
Grid Grid taper angle (a) APQ @ 0.4 m
3/s 
"0" 
ii i H 
up" 
"3" 
"3" 
3.47° 
3.47° 
3.47° 
1.74° 
5.19° 
25 Pa 
1440 Pa 
3450 Pa 
6850 Pa 
7425 Pa 
Thus, experimental error in measuring the very low values of 
pressure drop could cause this rather large disparity. Figure 
45 is illustrative of the good agreement between data and model 
when a grid of reasonable pressure drop (APQMC/APRMF - °-2) 1s 
used. Figures 49 and 50 again illustrate the effect of grid re- 
sistance on transition. The computed differences between Grid 1 
and Grid 2 are undetectable, whereas Grid 0 shows a pronounced 
effect. Experimental results show more sensitivity to the grid 
resistance than predicted. It is interesting to note that using 
a high bed mass in conjunction with a very low grid pressure drop 
(Grid 0) resulted, as predicted for cases where APCMP/APRMP_>'0> 
in elutriation at minimum fluidization (Figure 49). However, not 
only did elutriation occur, but the pressure drop oscillated at 
this operating point. Deviations of 1000 Pa amplitude were noted 
with periods of approximately 10 seconds. It is speculated here 
that slugging (defined in Figure 51a), or possibly an unsteady 
channel (defined in Figure 51b) could have caused such a fluctua- 
tion. 
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Figures 52 and 53 show computed bed pressure drop (solid 
symbols) and data as functions of the nondimensional grid pres- 
sure drop (APG'v|Fy'APBMF^* wnere tne Points are determined over a 
wide range of air flow rates (m = 0.2 m»p through 1.4 nw)'    For 
small bed masses (Figure 53), agreement between data and the 
model are excellent for APgMp/APBMp>0.4.    Below this ratio the 
model over-predicts bed pressure drop by approximately 25 percent 
for all flow rates.    Figure 53 shows a similar plot for a very 
thick bed* where definite similarities exist with the thin bed 
results.    In this case the disagreement between model and data is 
worst at the lowest grid resistance.    The model over-predicts 
pressure drop at minimum fluidization and at 1.4 nw by 25 percent. 
At volumetric flows less than minimum fluidization, agreement is 
good with all data, except in the case of Grid 3 using a 1.74° 
taper angle.    There is no obvious explanation for the behavior 
of this single case. 
When comparing data with the model for different grid taper 
angles (Figures 54, 55, and 56), agreement is very good except at 
high charge masses and for a portion of the packed regime using 
the almost cylindrical  (1.74°) grid. 
Typical effects of particle size on bed pressure drop are 
shown in Figure 57.    Pressure drop in the packed regime is an ex- 
tremely strong function of particle size, so that the smaller 
particle causes much earlier fluidization, and a correspondingly 
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low air flow at minimum fluidization.    The three sets of data, and 
the three models shown in the figure all  utilize the same grid 
pressure drop (Grid 1).    But due to the much different minimum 
fluidizing velocities for each particle, the quantity ^mc/^ouc 
ranges from the extremely low value of 0.027 to 0.108 and 0.230. 
Referring back to the discussion on page 58 of the effects of very 
low grid resistance, the tendancy towards over-prediction of bed 
pressure drop as ^QUC/^DMC decreases appears to be responsible 
for the behavior observed with small particles.    Thus, the dis- 
agreement shown in Figure 57 probably reflects the effect of a 
very low grid resistance and not a particle size effect per se. 
A result of this effect is that, in order to obtain a reasonable 
^GMF^BMF* a ParalDolic variation of grid pressure drop with 
fluid flow rate is not acceptable.    For very small particles 
A?B/m is very high in the packed regime, and almost linear.    Thus, 
a reduction in bed mass causes a nearly proportional decrease in 
iTL.p, but also a disproportionately lower APGMF since all grids 
used during the experiments possessed pressure drop characteris- 
tics APg = APg(m2)...    Thus, an entirely different type of grid 
is required to fluidize small  particles; perhaps a variable ori- 
fice type where grid pressure drop may be held essentially con- 
stant. 
B.    Minimum Fluidizing Velocity 
The Reynolds number based on particle mean diameter and 
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minimum fluidizing velocity may be computed by solving equation 
28, a quadratic whose coefficients are functions only of Galileo 
number, void fraction, and r /r. 
Rp     - -B + /B^TAC KeMF 2A 
where 
3.5(^/^0-3.5 
A
 
=
 e^(l-(r./r0)^ 
300(1-6)1^/^) 
B
 
=
 eVd-fr/r/) 
-P*(p,.-Pf)a)2rnd3 
T 
■ fVHS   M  0   D C = - Ga =     T   s ■■ 2_E 
The following eight figures (58-65) show computed curves of 
Ga(ReMp) for three different values of void fraction correspond- 
ing approximately to the loose, normal, and dense packed condi- 
tions supposed possible within the experimental bed.    The values 
for rQ/ri were theoretically determined, chosen at mid-height of 
the distributor and are, therefore, a kind of "mean" r /r. for 
each experiment.    Choosing a data point which is to represent the 
point of minimum fluidization is difficult and somewhat arbitrary. 
The ideal situation where all fluidized data points form a hori- 
zontal line, and a neat intersection of a packed regime curve and 
the horizontal line determine ILr, is rarely encountered in the 
laboratory.    Thus,  a wide experimental  error band is associated 
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with the data for minimum fluidization. The magnitude of the 
error is approximated by the sizes of the symbols. Data repre- 
senting the full range of grid resistances, particle sizes, 
angular velocities, and bed masses used during experimentation 
are presented. It is interesting to note that use of a very low 
grid resistance does not cause great disagreement between model 
and data as it did with bed pressure drop. It must be remembered 
that during the experiments, the bed was always fluidized first, 
and then air flow was decreased until the zero flow condition was 
reached. It is pure conjecture that channels may have been pro- 
duced during the fluidized regime. These hypothetical channels 
would remain intact through the transition and packed regimes, 
and would be fluidized at a UMF only slightly less than the uY.p 
as calculated for the thicker areas of the bed. This is due to 
the fact that ILp is only a weak function of r /r. as shown in 
Figure 34; consequently, the variation in rJr.  at a channel is 
predicted to have little effect on UMp. But bed pressure drop 
is severely affected in the packed regime since the hypothetical 
channels would allow a short-circuiting of air flow. Transition 
would be very  long, because of the low grid pressure drop, an 
effect explained previously. Thus, the characteristic effect of 
very low grid pressure drop (APGMp/APBMp + 0) on UMF and ApB is 
shown in Figure 66: Lp is virtually unaffected, while APB shows 
large discrepencies which are speculated to be due to the channel- 
ling. 
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Errors in calculating points of minimum fluidization may 
also be due to the flow acceleration through the bed causing the 
bed surface to fluidize first. With increasing air flow rate, 
fluidization proceeds radially outward. Such a two dimensional 
model, not considered in this study, would give more accurate 
results for bed pressure drop at minimum fluidization and through 
transition. The two dimensional model would be most important in 
cases of large bed pressure drops, predicting much longer transi- 
tion regimes than are predicted With the one dimensional model. 
Further error in the minimum fluidization data may be caused 
during the calculation of the Galileo number. The particle diam- 
eter is only a mean value, actually determined by considering a 
particle size distribution. In the Galileo number this mean dia- 
meter is raised to the third power, and thus, the size distribu- 
tion (which may vary from sample to sample) has a very strong 
effect on the computed Ga. 
C. Bed Expansion 
Bed expansion experiments were performed with a small (1.5 
kg) and a large mass (4.5 kg). In each case, the bed was first 
brought to a fluidized condition and then returned to the com- 
pletely packed regime by reducing air flow. A transparent length 
scale mounted to the plexiglass end wall of the chamber was 
used to measure bed thickness at the top of the chamber. The 
markings on the scale were read by synchronizing the motion with 
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the flash of a strobe light. This also permitted observations of 
an apparently motionless bed with bubbles bursting at the surface. 
Figure 67 shows a comparison for bed thickness at the top of the 
grid with the theory. Agreement is excellent for the conditions 
tested. In conventional gas fluidized beds, bubbling immediately 
follows minimum fluidization [15]. Note that in Figure 67 the 
computed values for minimum fluidization immediately preceed the 
first observed bubbling. After fluidization, the bubbles grew in 
size as a function of EFA; and the radii to the peaks of the bub- 
bles are also shown in Figure 67. It should be noted that the 
surface of the bed (see Figure 68 for definitions of "surface of 
bed" and "peak of bubble") does not seem to expand to any easily 
observable degree. This is probably due to the fact that local 
void fraction does not change appreciably with increasing EFA. 
It was also observed that the maximum height of the peak of the 
largest bubble above the surface of the bed (at m=1.5 nw) was 
approximately equal to the bed thickness. This suggests that a 
thicker bed allows a larger bubble. In addition, it was observed 
in the laboratory that the bubble frequency is a function of EFA. 
D. Particle Loss 
Elutriation is defined as a condition where superficial fluid 
velocities exceed particle terminal velocities, causing particle 
entrainment in the fluid flow. The model presented in the analy- 
sis (Equation 30) characterizes the elutriation mechanism of 
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Figure 68   Appearance of thick bed at m/m^p* 2 
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particle loss. It has been determined experimentally that another 
mechanism for particle loss is much more important than elutria- 
tion except for very thin beds. This mode of particle loss is 
referred to here as a solids "spilling" phenomenon, and it occurs 
when bubbles burst at the surface of the bed sending jets of par- 
ticles into the freeboard region of the chamber, causing spillage 
of particles through the exhaust port. No quantitative analytical 
model has been formulated yet for the spill mechanism; however, 
particle spill rate is obviously a function of bubble size and 
bubble frequency, which are themselves hypothesized to be func- 
tions of bed thickness and EFA. 
The nondimensional superficial air velocities through the 
grid at which particle loss occurs are shown for different bed 
masses and angular velocities in Figure 69. These results show 
clearly that particle loss occurs at lower fluid velocities for 
thicker beds. An attempt at reducing particle loss was made by 
decreasing the exhaust port area, thereby adding to the size of 
th'e.ifreeboard. This had only a very  small effect despite the 
drastic reduction in port area as shown (Figure 70). It is 
possible that the negligible improvement in particle retention, 
even after reduction of exhaust area to 25 percent of its origi- 
nal value, is simply due to the fact that the available freeboard 
in the chamber is much less than the required transport disen- 
gaging height (TDH). Correlations have been published [15] for 
TDH for conventional fluidized beds. If an adaptation of such a 
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correlation is made to the CFB, an estimated TDH may be calculated 
as shown in Appendix J. 
The particle terminal velocity is a linear function of angu- 
lar velocity when w2r»g. Using the data points for angular 
velocity and air flow at elutriation presented previously and as- 
suming that gravitational acceleration may be ignored, straight 
lines may be constructed between the origin and the elutriation 
data points. A standard reference angular velocity may be chosen, 
and for. this single reference value, elutriation air flow rate 
versus bed mass may be plotted as in Figures 71, 72, and 73. The 
model for elutriation velocity (Equation 30) is also shown on 
these figures, with reasonable agreement with data for very, very 
thin beds. As was discussed previously, this model does not take 
into consideration the spill mechanism, nor does it consider the 
possible radial velocity spikes at the floor and ceiling bound- 
aries of the chamber. Due to the spill mechanism, entrainment 
occurs earlier as bed mass increases. The largest particles 
come closest to the predicted values for elutriation using the 
very thin bed data, probably because (r0-r,-)/d is smallest for 
this particle size. The entrainment data for 4.5 kg beds show 
a spill air flow that is 25 percent of that predicted by the 
over simplified elutriation model. This variation is approxi- 
mately the same for all particle sizes. 
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VIII. RECOMMENDATIONS 
Neither the data for particle loss nor fluidized bed pres- 
sure drop with thick beds compare well With theoretical models 
presented in this study. Several rationalizations and hypotheses 
have been made for the observed differences; and now more work 
is needed to determine the causes of these discrepancies. It is 
suggested that: 
(1) The model for minimum fluidization take into account 
radial variations of radial velocity inside the bed. 
(2) The correct tangential velocity profile must be deter- 
mined (one possiblity is shown in Figure 74). 
(3) The whole nature of the bubble mechanism in the CFB 
should be investigated. 
(4) A study should be made of the use of grid resistances 
with entirely different pressure drop characteristics than those 
used here; for instance, APQ = APg(lP) or APQ = APQ (constant). 
(5) The "spill" mechanism of particle entrainment in the 
exhaust should be analytically investigated. As a starting point, 
the following kind of analysis might be tried: 
Assume at m/iTL-p = 2, r. = j (r0 "**■;)• Assume r. is linear 
with EFA, so that 
-142- 
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rb « ^- (rQ - ^)(m/in^p -1) . (36) 
Kunii and Levenspiel have presented a correlation for the estima- 
tion of bubble rise velocity in conventional beds [11] 
ubr = °'7 (grb)J* • (37) 
Substituting the assumed relation for rb (Equation 36), and adapt- 
ing Equation 37 to the CFB's artificial gravity (assuming a   »g): 
%r-°-7/Sr{ro-ri)^>iF-^    ■ 
U. could be assumed to be the particle initial radial velocity 
directed toward the axis of rotation. Thus, the particle trajec- 
tory and system "spill" characteristics could be estimated for 
given system parameters and EFA. 
(6) Bed feed and particle removal systems should be devised 
and tested to allow use of the CFB for other than batch type 
applications. 
(7) Possible designs and models for a diabatic CFB combustor 
should be investigated, studies being made into both heat and 
mass transfer near the heat transfer surfaces. 
(8) The effect of particle associated parameters on the per- 
formance of the CFB should be further investigated; these para- 
meters would include different particle size and density distri- 
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butions which could cause segregation or stratification. Studies 
should also be made using much larger particles, perhaps compara- 
ble in size and shape to commercially suitable materials. Tests 
for bed pressure drop versus air flow rate should be repeated for 
very small particles using larger values for grid pressure drop 
(APGMF/APBMF Z °-2>- 
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IX. SUMMARY 
Fluid dynamic models have been presented for the centrifugal 
fluidized bed, a relatively new concept which shows good promise 
for a variety of applications including coal combustion. Experi- 
ments were performed at atmospheric temperature and pressure using 
rotating beds consisting of spherical glass particles. The effects 
of bed mass, angular velocity, mean particle size, and grid resis- 
tance and geometry on bed pressure drop, minimum fluidization, bed 
shape, and particle loss were modeled analytically and studied in 
the laboratory. Parameters affecting the startup of the bed from 
a fully slumped stationary position were analyzed. Conclusions 
of the study follow: 
1) Efficient startup can be accomplished with the use 
of a tapered distributor shaped like a truncated 
cone. 
2) A certain minimum grid flow resistance is required 
to allow complete fluidization without particle loss. 
3) The mechanism of particle loss approaches the ter- 
minal velocity condition as bed thickness approaches 
zero. Particle loss occurs at velocities lower than 
terminal for relatively thick beds. 
4) The shape of the fluidized bed may be approximated 
by that of a rotating liquid. 
5) Minimum fluidizing velocity is predicted accurately 
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by equating the expressions for packed bed and 
fluidized bed pressure drop. 
6) The model for fluidized bed pressure drop which 
assumes solid body rotation of the bed gives good 
agreement with experimental pressure drop data. 
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APPENDIX A 
STUDY OF THE MOTION OF UNFLUDIZED BULK SOLIDS (SUMMER 1976) 
During preliminary experiments with rotating beds great diffi- 
culty was encountered in obtaining good distribution of the parti- 
cles over the entire grid surface. Even using very high angular 
velocities, the packed bed could not be made to "climb" to the top 
of the grid periphery, and a limiting height was reached at an in- 
termediate angular velocity (Figure A-l). The radius measured 
from the axis of rotation to the bed surface at the bottom of the 
rotating section also approached a limit as shown in Figure A-2. 
Since it is desirable, due to considerations of plant efficiency, 
for the bed to cover the entire grid, an investigation was begun 
to study the phenomena observed. 
A series of static and dynamic tests were made to analyze 
the bulk motion of glass particles when subject to a combination 
of gravitational and centrifugal acceleration vectors. 
Static tests were performed with a small pile of particles 
on a flat board covered with the same type of screen used for the 
fluidizing grid in the CFB. The board was tilted gradually, with 
respect to the horizon, and the motion of the particles was ob- 
served. During some tests the board was made to vibrate, and 
the subsequent effect on the motion was also observed. The angle 
between the board and the horizon is defined as a. Y is the 
characteristic angle of repose of the particles, and 6 is the 
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Figure A-l    Packed bed height, experimental, startup 
through turndown 
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PS = 2466 kg/m3 
dp = 500 x TO"6 m 
Bed mass = 2.27 kg 
Cylinder radius = .15m 
O Startup 
/\  Turndown 
20    ...(JL)   30 U) 
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Figure A-2    Packed bed inside radius, experimental, 
startup through turndown 
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angle of slide (16).    The included angle between the board and 
the surface of the particles is defined as <j>.    For a = 0, <J> = YS 
angle of repose.    During the experiment, a was increased and then 
held constant causing the pile to move somewhat, and then stop, 
covering a larger area of the board surface (Figure A-3a).    As 
a was further increased and then held constant at a = y, the pile 
moved down the board until only a thin layer of stationary par- 
ticles covered the board (Figure A-3b).    A further increase in 
a to the angle of slide, 6, resulted in the motion of the thin 
layer of particles down the board until no particles remained 
(Figure A-3c). 
Experimentally determined values for these angles were 
recorded: 
Y 6 
Non-vibrating       27°       45° 
Vibrating      *   23° 
* 
Pile never stops but moves as a function of 
vibration frequency. 
It was hypothesized that the motion of bulk solids inside a 
rotating cylinder would be governed by the same characteristic 
angles y and &  determined by the static experiments. However, 
in the rotating system the "horizon" from which these character- 
istic angles were to be measured is an artificial horizon inclined 
to the vertical by an angle e 
-153- 
z\ 
cij   = 0 \/Y 
* (a) 
(b) 
(c) 
Figure A-3   Static tests with bulk solids 
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8 =   arc tan -S~-   (Equation 5, main text) 
Thus, as angular velocity is increased from zero, the bulk solids 
move up the wall of the cylinder (Figure A-4a) until the angle be- 
tween the artificial horizon "A-A" and the surface of the particles 
is the angle of repose y.    As angular velocity is further increased 
and the angle of slide is reached, the solids move up the wall more 
until the angle of repose results and static equilibrium is re- 
stored as shown in Figure A-4b. 
Experiments were performed with glass particles in a cylindri- 
cal rotating test section, and y was measured for a variety of 
angular velocities (Figure A-5).    The somewhat random character of 
Y tends toward a value of approximately 22° for higher angular ve- 
locities.    The mean value of y was found to be 21.8° and the stand- 
ard deviation 6.6°. 
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(1) 
(b) 
Figure A-4 Bulk solids' motion in a centrifugal field 
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Figure A-5    Experimentally determined values of packed bed 
angle of repose (y)» cylindrical  grid 
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APPENDIX B 
AXIAL VELOCITY PROFILE AT EXHAUST EXIT OF APPARATUS 
(SUMMER 1976) 
A probe was used to determine the axial velocity profile of 
the exhaust air flow from the apparatus.    The experiment was run 
using a bed mass of 2.27 kg.    Spherical glass particles of mean 
diameter of approximately 500 x 10"6 m and density of 2466 kg/nr 
were rotated to an angular velocity of 22.8 rad/s (218 rpm) and 
fluidized with an air flow rate of 0.377 m^/s.    Chamber dimensions 
were essentially identical  to those given in Chapter 3, and an ex- 
haust pipe was used with a diameter of 0.137 m and a length of 
0.152 m. , Data for the axial velocity profile are presented in 
Figure B-l, the different symbols being indicative of measurements 
taken at different angular locations in the exhaust plane. 
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Figure B-l    Profile at exit (axial  velocity) 
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APPENDIX C 
PRESSURE DROP DATA FOR STARTUP AND TURNDOWN 
USING FIRST GENERATION APPARATUS 
The data presented are not useful for quantitative corrobora- 
tion of mathematical models due to the poor grid design of the first 
generation apparatus. The grid's seals masked a portion of the 
fluidizing air flow; thus, portions of the bed were not able to be 
fluidized. For the charge masses indicated, the bed pressure drop 
is lower than predicted since parts of the bed were not supported 
by air flow. The data, however, are useful for qualitative stud- 
ies of bed pressure drop during startup and turndown modes of op- 
eration. Also, the repeatability of the overall pressure drop is 
demonstrated by the last figure (C-5). 
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APPENDIX D 
DIGITAL COMPUTER PROGRAM (PROGRAM PDROP) FOR DETERMINATION 
OF BED SHAPE, PRESSURE DROP, MINIMUM FLUIDIZING VELOCITY, 
AND ELUTRIATION VELOCITY (ASSUMPTION IS MADE THAT THE BED 
COMPLETELY COVERS THE GRID 
-166- 
Variable Units 
bed thickness m 
% 
m 
dPmin m 
fluid temperature °K 
H m 
m kg 
ro2 m 
U m/s 
UMF m/s 
V m3/s 
Vel m/s 
a o 
iPB Pa 
APG Pa 
e none 
*s none 
y kg/(m-s) 
0) rad/s 
pf kg/m
3 
Pc kg/m
3 
Nomenclature 
BTS 
DBARP 
DMIN 
TEMPC 
H 
CHGMAS 
R02 
U 
UMF 
MDOT 
VEL 
ALPHA 
DELPB 
DELPG 
EPSILO 
FIS 
MUF 
OMEGA 
RHOF 
RHOS 
Table D-l Digital computer program nomenclature 
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APPENDIX E 
DIGITAL COMPUTER PROGRAM SUBROUTINE FOR CASE OF 
BED NOT COVERING ENTIRE GRID 
tf-eHtiftft3/S!H0!JLq 
ON 
551 
557 
SU3RO 
00 551 
ZHO=.00 
A=(OM£G 
3=(ZH0* 
R01-R02 Q-2.*R0 
0=R01++ 
XX1=A*( Q=CHGHA 
£=(ZHO* 
F=*01*Z 
G=R01*+ 
Al=2.*9 
FE3 7h S 
XQ=3.1«* 
IF (XQ 
CONTINU 
RO=HT»T 
RI=SQRT 
8TS=-*0- 
IF   URO 
55 8 
559 
GO TO 5 
RI=RO-. 
CONTINU fin   rn   c, 
UTINE 
K = l,l 
1*K 
A**2) 
*2*<T 
-H*TA 
1*ZH0 
2-2.* 
B4C«-0 
S/(RH 
*3)/3 
H0**2 
2*ZH0 
.805* 
C9t 
159M 
.GT. 
£ 
AN(AL 
<2.*9 
RI 
-PI! 
59 
GGOCu 
£ 
■A-G  
FOR 
57 
RI >c • RO 
/(2.*9.805) 
AN(ALPHA))**2> 
N (ALPHA) ♦TAN(ALPHA) 
9.8C5*ZH0/(0HEGA**2) ) 
0SM1.-HFSILO) 
,*(TAN(ALPHA)I**2 ♦TAN (ALPHA) 
-9.8 05*ZHO**2/(OM£GA**2> 
XXi*ZH0/<0MEGA*»2) 
22   03/02/77 
E*F*G-A1I 
G)   GO   TO   557 
PHA)+R01 
.8 05*(HT«-XX1)/(OMEGA**2)) 
.LE.    0.0)   GO  TO   558 
01 
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APPENDIX F 
USEFUL EXPERIMENTALLY DETERMINED 
VALUES FOR e AND <j>c 
Size (mm) 
Particles 0.02 0.05 0.07 0.10 0.20 0.30 0.40 
Sharp sand,  <f>s = 0.67 - 0.60 0.59 0.58 0.54 0.50 0.49 
Round sand, <J>S = 0.86 - 0.56 0.52 0.48 0.44 0.42 - 
Mixed round sand - - 0.42 0.42 0.41 - - 
Coal and glass powder 0;72 0.67 0.64 0.62 0.57 0.57 
Anthracite coal, <j>s = 0.63 - 0.62 0.61 0.60 0.56 0.53 0.51 
Absorption carbon 0.74 0.72 0.71 0.69 - - - 
Fischer-Tropsch catalyst, 
<|>s = 0.58 - - - 0.58 0.56 0.55 - 
Carborundum - 0.61 0.59 0.56 0.48 - - 
Table F-l    Experimental  fluidized void fractions (11) 
Material 
*s 
Sand 0.600, 0.861 
Iron catalyst 0.578 
Bituminous coal 0.625 
Celite cylinders 0.861 
Broken solids 0.63 
Sand 0.534-0.628 
Silica 0.554-0.628 
Pulverized coal 0.696 
Table F-2    Experimental sphericities (11) 
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APPENDIX G 
EXPERIMENTALLY DETERMINED GRID PRESSURE DROP CURVES 
<APG + APaccel) 
Figure Grid De a 
G-l 1 .1020 m 3.47° 
,G-2 0 .1524 m 3.47° 
G-3 2 .1524 m 3.47° 
G-4 3 .1524 m 5.19° 
G-5 3 .1524 m 1.74° 
G-6 1 .1524 m 3.47° 
Table G-l Summary of Figures G-l through G-6 
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APPENDIX H 
EXPERIMENTAL AND THEORETICAL RESULTS FOR BED PRESSURE 
DROP AS A FUNCTION OF AIR FLOW RATE (SPRING 1977) 
© a) = 20.9 rad/s 
A w = 26.2 rad/s 
Q u) = 31.4 rad/s 
0 uj = 36.7 rad/s 
r^ particle loss observed 
Table H-l Key to Appendix H 
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Figure H-l    Bed pressure drop, Grid 1, 1.5 kg bed 
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Figure H-3   Bed pressure drop, Grid 1, 4.5 kg bed 
-186- 
3000 
2000 - 
CO 
Q- 
CL 
s 
"O 
c 
I/) 
<U 
s- 
Q. 
•o 
O) 
CO 
1000 - 
0 
Bed mass (kg) 
O   1.5 
O   3.0 
•   4.5 
*-@  
o o   o-o ^  
—r 
0.1 
—r- 
0.2 0.3 
Air flow rate (nrfys) 
Figure H-4    Bed pressure drop, Grid 1, u = 20.9  rad/s 
(d_ = 121  x 10~6 m,  De =  .1020 m, 
a B 3.47°,   e = 0.42) 
■187- 
Bed mass (kg) 
A 1.5 
A   3.0 
A  4.5 
3000- 
a. 
o. 
o 
-o 2000 
<u 
i~ 
3 
c/> 
t/> 
<u t- 
Q. 
-o 
a> 1000 
CQ 
0.2 
Air flow rate (nr/s) 
0r3 
Figure H-5    Bed pressure drop, Grid 1, u = 26.2 
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Figure H-6    Bed pressure drop,  Grid 1, u = 31.4 rad/s 
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Figure H-7    Bed pressure drop, Grid 1, w = 36.7 rad/s 
(d    = 121  x 10"6 m, De =  .1020 m, o = 3.47°, 
e = 0.42) 
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Figure H-8 Bed pressure drop, o> = 20.9 rad/s 
(a = 475 x 10"6 m, De = .1020 m, 
o" = 3.47°) 
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Figure H-16    Bed pressure drop, Grid 2, u = 26.2 rad/s 
(d    = 121  x 10-6 m,  D    =  .1524 m, o = 3.47°) 
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Figure H-19    Bed pressure drop, Grid 2, u = 20.9 rad/s • 
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Figure H-20    Bed pressure drop, Grid 2, o> = 26.2 rad/s 
(dp = 475 x 10"6 m,  De =  .1524 m, a = 3.47°) 
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Figure H-21    Bed pressure drop, Grid 2, u = 31.4 rad/s 
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Figure H-24 Bed pressure drop, Grid 3, w = 26.2 rad/s 
(d = 475 x 10"6 m, De = .1524 m, a = 5.19°) 
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Figure H-27 Bed pressure drop, Grid 3, w = 20.9 rad/s 
(d = 475 x 10"6 m, De = .1524 m, o = 1.74°) 
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APPENDIX I 
DATA FOR PARTICLE LOSS 
Bed mass (kg) 
O  0.5 
D  1.5 
A  3.0 
O  4.5 
Table 1-1 Key to Appendix I 
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Figure 1-1    Data for maximum angular velocity allowing 
particle loss, Grid 0 
(3   =121 xlO"6 m, Da =  .1020 m) 
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Figure 1-2    Data for maximum angular velocity allowing 
particle loss, Grid 1 
(d   =121  x 10'6 m,    De = .1020 m) 
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Figure 1-3    Data for maximum angular velocity allowing 
particle loss, Grid 2 
(d    = 121  x 10"6 m,  De =  .1524 m) 
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Figure 1-4    Data for maximum angular velocity allowing 
particle loss, Grid 0 
(d  = 351 xlO"6 m,  De= .1020 m) 
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APPENDIX J 
ESTIMATION OF TRANSPORT DISENGAGING 
HEIGHT IN CENTRIFUGAL BEDS 
The hydraulic diameter of the grid of the apparatus as de- 
scribed in Chapter III is 
Dh = 4A/P = .315 m (12 in.) 
where A is the peripheral area of the bed and P is the wetted 
perimeter of the bed.    Assuming that TDH is proportional to par- 
tide body force (m/Tg2-)+(a)2r)2) since distance is a linear func- 
tion of acceleration, for the case of an angular velocity of 36.7 
rad/s (350 rpm) and a superficial velocity of approximately 1 m/s, 
the minimum TDH (using Figure J-l  from Reference 10) is: 
TDH _  mo in.  x g _    101 m /, Q  .    ^ 
= g2 + (a,2r)2 " ( ' 
Similarly, TDH can be calculated for various angular velocities: 
angular velocity TDH 
rad/s rpm m in. 
15.7 150 .635 25.0 
20.9 200 .371 14.6 
26.2 250 .236 9.3 
31.4 300 .165 6.5 
36.7 350 .121 4.8 
For experiments using a thick bed (4.5 kg) and high flow rate 
(m/n^p = 2), bubble "peaks" decrease the available freeboard 
-224- 
approximately to the following values: 
exhaust port 
diameter freeboard 
m in. m in. 
.076 
.152 
3 
6 
.070 
.032 
2.75 
1.25 
Thus, the available freeboard is always less than the TDH for the 
angular velocities used during experimentation. It is interesting 
to note that at high angular velocities where TDH is estimated to 
be fairly close to the value for available freeboard (.121 m ver- 
sus .070 m) the largest increase in the effect of increasing the 
freeboard is observed (Figure 70, main text) as anticipated. 
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